The corpus callosum (CC) provides the main route of communication between the 2 hemispheres of the brain. In monkeys, chimpanzees, and humans, callosal axons of distinct size interconnect functionally different cortical areas. Thinner axons in the genu and in the posterior body of the CC interconnect the prefrontal and parietal areas, respectively, and thicker axons in the midbody and in the splenium interconnect primary motor, somatosensory, and visual areas. At all locations, axon diameter, and hence its conduction velocity, increases slightly in the chimpanzee compared with the macaque because of an increased number of large axons but not between the chimpanzee and man. This, together with the longer connections in larger brains, doubles the expected conduction delays between the hemispheres, from macaque to man, and amplifies their range about 3-fold. These changes can have several consequences for cortical dynamics, particularly on the cycle of interhemispheric oscillators.
premotor, motor, somatosensory, and parietal cortex crossed in an anterior-to-posterior order in the body (Fig. 1C) . The axons labeled by each injection coursed in a tight bundle toward the midline but defasciculated before entering the CC, where they spread over its dorsoventral dimension (Fig. 1E) , and those from the occipital injections spread across the splenium.
Within each of the labeled axonal clusters, the diameter of individual cross-sectioned axons was measured in dorsoventral strips in the region of maximal axonal density. The measured diameters fall within the range of myelinated axons (Ͼ0.2-0.3 m) Systematic consistent differences in the diameter of axons of different origin were found (Fig. 1D, Fig. S2 A, and Table S1 ). The rule seemed to be that axons from motor, somatosensory, and visual areas (1.1 and 0.95 m, respectively) were, on average, significantly thicker than those from prefrontal (0.68 and 0.69 m), premotor (0.85 and 0.89 m), and parietal (0.9 m) cortex (P range: 0.04-1.35 ϫ 10 Ϫ22 ).
Because conduction velocity is proportional to the diameter of the axon, one might predict systematic differences in the speed of interhemispheric communication within and, even more importantly, between different cortical areas. However, the differences in conduction velocity might be compensated for by the length of the axons coursing between the hemispheres. Therefore, we measured the length of the axonal pathways from the site of cortical origin to the CC (Table S1 ). Axon diameter increases with axonal length (Fig. S2B ) but clearly not enough to equalize interhemispheric delays between the different areas, particularly for the visual cortex, whose CC axons course caudally before turning rostrally to the CC (Fig. S3) .
The conduction velocity was calculated as Vc ϭ 5.5/g*D, with g, the axon-to-myelin ratio, estimated to be 0.7 (10) and D being the axon diameter. As expected, this showed that the slowest axons were those of prefrontal origin (median: 4.9 m/s) and that the fastest were those of motor (8.8 m/s), somatosensory (8.1 m/s), and visual (7.3 m/s) origin, with intermediate values for the others (Table S1) . Thus, the axons from the motor cortex were almost twice faster than those from the prefrontal cortex. However, the axons originating from each site cover a considerable range of conduction velocities (compare with SDs in Table S1 ). Therefore, when a set of callosally projecting neurons becomes synchronously active, their action potentials reach the other hemisphere dispersed in time. The temporal dispersion caused by conduction velocities is amplified by the conduction length. For the shortest pathway we measured, which was from the dorsal premotor cortex to CC, conduction velocities ranged within 17 m/s (3-20 m/s) and the delays to the CC midline within 3.4 ms (0.6-4 ms). In contrast, axons originating from the visual cortex, with a conduction velocity within 16 m/s (4-20 m/s), dispersed delays by 8.9 ms (2.2-11.1 ms) because of their longer pathway. This calculated value is close to half the range (7.7 ms, range: 1.3-9 ms) of the total interhemispheric delays (15.4 ms, range: 2.6-18 ms) measured in the rhesus monkey between the primary visual areas (11) .
It should be expected that in larger brains, the temporal dispersion of the activity exchanged between the hemispheres might increase. To test this, we measured the diameter of myelinated axons in the CC of chimpanzees and humans at locations where axons connecting prefrontal, motor, parietal, and visual cortex can be expected to cross, based on the tracer studies in the macaque and on the similar topography of callosal connections in macaques and humans (9) (Fig. S4) . A pilot study in the macaque showed that myelinated axons measured in dorsoventral trajectories across the CC had diameters similar to those of the labeled axons at the same locations (Fig. S2B) . Also, the anterior-to-posterior gradient was similar, with the thinnest axons in the genu and posterior body and the thickest axons in the midbody and splenium (Fig. S2B) . The values were close to those found in an electron microscopy study (5) ( Table S2 ), suggesting that despite the limited resolution of the optical microscopy (about 0.3 m), we missed very few thin axons, including unmyelinated ones, which make up less than 10% of the axons in most of the CC (5).
In both chimpanzees and humans, we found rostrocaudal differences in the diameter of CC axons similar to those found in the macaque (Table S2) , with the thickest axons in the midbody, corresponding to axons interconnecting the motor cortex, followed by the splenial axons interconnecting the visual areas and the posterior body axons interconnecting the parietal cortex. The thinnest axons were in the genu, interconnecting the prefrontal areas. At all locations, axons were thicker in the chimpanzee than in the macaque (Table S2) . Surprisingly, they did not increase further in the human specimens, where the distribution of diameters was very similar to that of Aboitiz et al. (6) (compare Fig. 2 with their figure 4, Table S2 ). Most striking was that the dispersion of axon diameters increases substantially in both chimpanzees and humans compared with macaques because of an increased number of axons greater than 1-1.5 m (Fig. 2) .
To estimate the conduction delays in chimpanzees and humans, we calculated the conduction velocities with the formula above. The conduction distances measured in the macaque were scaled to the cube root of average brain volumes (cerebellum excluded) (12), which, in humans, restored values of CC axon lengths close to those estimated by diffusion tensor imaging (TDI) (see Materials and Methods) (13) . In all areas, we found a slight increase in interhemispheric conduction delays between the macaque and chimpanzee and a more pronounced increase between the chimpanzee and human, attributable to the longer conduction distances in the latter, uncompensated by a proportional increase in axon diameters (Fig.  3, Fig. S5 , and Table S2 ). The calculated values for the human visual areas (12-14 ms; Fig. 3 and Table S2 ) are close to half the electrophysiological estimates (8-12 ms) of total CC conduction delays (16-24 ms) (14) . Most striking was the increased range of conduction delays, which expanded nearly 3-fold between macaques and humans (Fig. 3, Fig. S5 , and Table S2 ). As expected, the longer axonal trajectories in larger brains amplified the consequences of the increased range of axon diameters and conduction velocities, although the relation between absolute conduction velocity and their range might remain constant across species.
To explore what the consequence of the increased range of conduction delay might be, inspired by previous work (15), we analyzed the dynamics of a ''minimal'' interhemispheric network (Fig. 4) . The network consists of 2 couples of symmetrically connected excitatory and inhibitory Hindmarsch-Rose type neurons with faster excitatory-to-inhibitory connections and slower excitatory-to-excitatory connections, compatible with recent electrophysiological data in the ferret visual system (16) . When the neurons are set in a bursting/oscillatory mode, the network generates bursts consisting of excitation curtailed by inhibition. The excitatory-to-inhibitory delay modulates the burst length. Increasing this delay from the macaque to human range elongates the bursts from 180 to 200 ms. Furthermore, within the range of human excitatory-to-inhibitory delay, the duration of the bursts also depends on the excitatory-to-excitatory delay.
Discussion
The results stress the following points. First, in primates, evolution maintained the different speed of connections between areas of the 2 hemispheres, favoring primary motor and sensory areas. This might relate to the size of the areas, their degree of myelination, or their evolutionary and/or developmental history. Second, evolution scaled conduction velocity to brain size, but only partially, by adding a limited contingent of thick axons. Interestingly, the increase in axon diameter is obvious between macaques and chimpanzees but not between chimpanzees and humans, as if Homo sapiens maintained the connectivity scaled to a brain of about 400 mm 3 , just close to that of australopithecines (17) . A more general and substantial axonal enlargement might have been prevented by constraints limiting either brain size or metabolic costs of axonal conduction. Neural connectivity, including cortical connectivity, probably obeys optimization principles generalized in evolution from nematodes to humans (18) . The minimization of conduction delays may have been a crucial determinant of cortical structure (19) . On the other hand, the moderate axonal growth lengthened and dispersed connectional delays proportional to brain size, potentially enriching cortical dynamics along at least 3 different lines. First, neurons can differentiate the timing of action potentials with precision in the millisecond range (20) ; slowing conduction and increasing the range of delays might expand the temporal domain for differentiation. Second, increasing the range of delays might enlarge the number of neuronal groups that cortical connectivity can generate (21) . Finally, as shown above, the interplay of inhibitory and excitatory conduction delays between the hemispheres can modulate the cycle of cortical oscillations. The range of modulation increases with that of delays; therefore, it can be expected to differ across species.
The main findings reported here probably apply more generally to long pathways interconnecting cortical neurons. Unlike in manmade devices, evolution seems to have implemented regionally different, temporally dispersed, slow processing in cerebral cortex. This solution was amplified in the highest performing animals (by human standards), at least within the primate lineage. What the computational advantages, if any, of this principle in network design might be remain to be fully explored, including but not restricted to the 3 possibilities mentioned above. This principle in network design is one of several aspects of structural and functional differentiation that, together, may have provided the computational advantage that was selected in evolution.
Materials and Methods
Injections and Histology. Three adult male Macaca fascicularis (body weight: 4 -6 kg) from the animal facility of the Italian National Council of Research (Rome, Italy) were used. Each received three 0.3-to 0.5-l injections of BDA (Mr ϭ 10,000; Invitrogen; 10% (w/vol) in 0.01 M phosphate buffer) at the cortical locations shown in Fig. 1 (prefrontal cortex: area 9 and 9/46 border, premotor: area 6 and F4, motor: area 4, somatosensory: area 2, parietal: area 5, visual: areas 17 and 18 near their common border) through a 5-l Hamilton microsyringe (no. 85) with a sharp needle (P/N: 7803-05/00). Surgery was performed by a neurosurgeon under strict sterile conditions. Animals were preanesthetized with ketamine (10 mg/kg i.m.) and anesthetized with isoflurane (Abbott) through a constant flux of a mixture of isoflurane and air. After 17 days' survival, the monkeys were deeply anesthetized with ketamine (5-10 mg/kg. i.m.) and metomidine (30 g/kg i.m) and perfused transcardially with isotonic saline followed by 4% (wt/vol) paraformaldehyde in 0.1 M PBS. Animal surgery and pre-and postoperative care were conducted according to Italian and European guidelines for animal experimentation on primates. The brains were postfixed overnight in the same solution, cryoprotected by immersion in 30% (wt/vol) sucrose in PBS, and sectioned frozen at 60 m on the coronal plane, except for the CC of the injected hemisphere, which was cut sagittally. Sections were reacted for BDA, and alternating sections were counterstained with cresyl violet or with the Gallyas method for myelin (22) . The 3 chimpanzees (Pan troglodytes) were all female: Ch1, 24 years old, died of pulmonary infection; Ch2, 28 years old, died suddenly of unknown cause; and Ch3, 58 years old, died of cardiopulmonary failure. The brains were removed and fixed by immersion in 4% (w/vol) paraformaldehyde in PBS within 4 -12 h of death. Each animal's CC was removed, cut frozen, and counterstained for myelin as above.
Three sagittal blocks of the CC were removed from human brains (2 men and 1 woman, 50 -63 years old) who had come to autopsy following death, caused by cardiac arrest (2 cases) or penetrating wounds (1 case), and were devoid of neurological or psychiatric illness. These specimens were immersion-fixed in 4% (w/vol) paraformaldehyde in PBS within 27-30 h of death, cryoprotected, cut frozen, and stained for myelin as above. Tissue sampling and procedures were approved by the relevant ethical committee.
Sampling and Measuring Axon Diameters. All analyses were performed with Neurolucida 7 software (MBF Biosciences) and a digital camera-mounted Olympus BX51 microscope. In BDA sections from macaques, the distribution of axons labeled with BDA was initially charted at ϫ260 magnification on sagittal sections of the CC. Axon diameters were subsequently measured at ϫ2,900 magnification on 112-to 600-m wide probes, traversing the CC from dorsal to ventral in the regions of maximal density of labeled axons. In the measurement, the transversally cut axonal profiles were approximated to circles whose size was incremented in steps of 0.09 m. In myelin-stained material from macaques, chimpanzees, and humans, the regions of sampling in the CC were determined by superimposing on the sections the outlines of the location of the labeled axonal measurements and linearly adjusting the CC profiles until a best fit was obtained (Fig. S4) . Dorsoventral trajectories were defined as close as possible to the probes of the BDA axons. Along these trajectories, axons were sampled within 112-ϫ 87-m frames divided into 25-m squares, stepped along the whole dorsoventral extent of the CC. Up to 9,600 axons per probe were measured in 6 cases aimed at testing the possible existence of dorsoventral differences and microcompartments of axon diameters within the CC of the chimpanzee and human (not reported). Otherwise, between 1,000 and 2,500 axons were measured. The axonal profiles were chosen for measurement if they presented a dark complete or nearly complete myelin ring with a clear center, which could be approximated by measuring the ring (above). Limitations of the optical microscopy prevented measurement of axons thinner than 0.31-0.35 m. Slightly obliquely cut axons appeared as ellipses, and their diameter was approximated to its smallest diameter. Longitudinally cut axons were excluded from measurements. Fixation artifacts were frequent in the chimpanzee and human material; they included profiles that deviated substantially from circularity, with swellings of axonal profiles filled with large vesicles and delamination or fragmentation of the myelin sheaths. In dubious cases, the sampling was restricted to profiles that could be followed through the thickness of the whole section. No correction for shrinkage was applied to the measurements, because accurate estimates of shrinkage were not available for the chimpanzee and human material. However, because the same shrinkage should apply to the radial dimension of the axon and to its length, this would not affect the axon conduction measurements (below). The shrinkage of the BDA material was previously estimated to be 35% (23) .
Estimating Conduction Length, Speed, and Conduction Delay. In macaques, both the linear distance between the site of injection and the CC and the modal curvilinear distance between the center of the injection site and the CC midline were measured (Table S1 ). The former was the distance between the section containing the center of the injection and that containing the bulk of axons in the CC. The latter was the length of the pathway reconstructed with Neurolucida software from the center of the injection (in layers [3] [4] to the CC midline, by following the trajectory of the bulk of axons in serial sections. The curvilinear distance was adjusted to decompress the histological section back to the 60-m values at cutting. In chimpanzees and humans, the conduction length was estimated by scaling the conduction length in the macaque to the cube root of brain volume (after subtraction of the cerebellum) (12) in each species. After correction for 35% shrinkage of the pathway lengths measured in the BDA material (23) , the values obtained for humans to the CC midline are close to those estimated by DTI (13) Statistics, Model, and Network. ANOVA across all samples of BDA-traced axons reported highly significant intergroup differences (P ϭ 1.48 ϫ 10 Ϫ43 ). Paired t test results among axons of different origin in the same experimental animals demonstrated highly significant differences, with P values between 0.04 (CCT1: parietal vs. splenium) and 1.35 ϫ 10 Ϫ22 (CCT2: parietal vs. motor).
As shown in Fig. S4 , we used Hindmarsh-Rose neurons to simulate the interhemispheric network. The Hindmarsh-Rose model of neuronal activity is able to generate the spiking-bursting behavior observed in single neurons. There are 3 variables in this model; the membrane potential x(t), y(t) is associated with the fast current (Na ϩ or K ϩ ), and z(t) is associated with the slow current (e.g., Ca 2ϩ ). This model has the mathematical form of a system of 3 nonlinear ordinary differential equations on the dimensionless dynamic variables. The dynamics of this model are:
The model parameters are a, d, b, and . I is the external injected current, and x0 is the initial potential. Parameters a and d are related to the fast ion channels, and is related to the slow ion channels. Usually, parameters b and x0 are fixed (b ϭ 4, x0 ϭ Ϫ1.6, ϭ 0.01, and d ϭ 5). This system exhibits bursting behavior (a ϭ 2.6 and I ϭ 4). The network consisted of 2 excitatory neurons (E1 and E1Ј) and 2 inhibitory neurons (I2 and I2Ј) connected, as suggested, by experimental findings (16) . To model the interactions between connected neurons, we add a coupling term to the x variable of each neuron, which is an activation function of the sum of output of afferent neurons:
where is a sigmoid activation function with parameter and threshold s: ͑x͒ ϭ 1 1 ϩ exp͑Ϫ͑x Ϫ s ͒͒ Matrix W ϭ [wij] is the weight of connection from neuron j to neuron i. It was set at 1 for excitatory connections and Ϫ1 for inhibitory connections.
Matrix D ϭ [dij] represents delay from neuron j to neuron i. Now, the dynamics of neuron i in the network become:
(Vs Ϫ xi) should be negative for inhibitory neurons and positive for excitatory neurons.
In our simulations, Vs (the reversal potential) ϭ 2 for excitatory neurons and Ϫ1.5 for inhibitory neurons, ϭ 10, and s ϭ Ϫ0.1.
In Fig. 4 , the burst length corresponds to the activation plus inhibition periods. The neurons were reaching a regular bursting pattern after 300 ms at most. Therefore, in measuring the burst length, we disregarded the initial 300 ms and extended the measurements over 1,800 ms. Despite regularity, burst length is still subject to minor variations; thus, we have taken the average value of burst length to be between 300 and 1,800 ms.
